Abstract: Silver(I) and copper(I) complexes containing neutral bis(N-
Introduction
Since the first stable free N-heterocyclic carbene (NHC) was isolated by Arduengo in 1991 [1] , this class of ligands has found numerous applications in organometallic chemistry in particular for the preparation of new metal-based catalysts [2] [3] [4] [5] [6] [7] . The first NHC silver(I) complex was prepared by Arduengo et al. by reaction between a free carbene and silver(I) triflate [8] . Today, the reaction of imidazol(in)ium salts with a variety of silver(I) precursors such as Ag 2 O [9] , Ag(OAc) [10, 11] , Ag 2 CO 3 [12] or AgCl [13] , with K 2 CO 3 or Na 2 CO 3 as external base, allows for the formation of Ag(I)-NHC complexes in high yields. Ag(I)-NHC complexes are stable towards air and moisture. The reaction of Ag 2 O with halide imidazol(in)ium salts, first described in 1998 by Lin, is particularly efficient to synthesize halide Ag(I)-NHC complexes under mild conditions, without having to handle free NHCs [9] .
The second product formed following Lin's protocol being water, non-distilled solvents can be employed, which renders this approach very convenient and popular [9] . Ag(I)-NHC complexes are potent catalysts for e.g. the cycloaddition of CO 2 to terminal epoxides [14] and C-N coupling reactions [15] . During pharmacological studies, they proved to release in vivo slowly and steadily free silver cations acting as tumour cells killers or suppressants of infections [16] [17] [18] [19] . Ag(I)-NHCs are mostly employed as transmetalating agents to access late transition metal NHC complexes, without the need to handle unwieldy free carbenes. They are indeed known to transmetalate efficiently their NHC ligand(s) to Cu [20] , Ni [21, 22] , Pd [21, 23] , Pt [23] and Au [24] precursors. The coordination geometry around the Ag(I) centre tends to be linear. When the associated anion (X -) is a halide, the formation of polynuclear complexes or clusters with X-Ag-X bridge(s) can lead to a broad structural diversity in the solid-state. In Ag(I)-NHC clusters complexes, d 10 -d 10 interactions are often encountered [25, 26] , while the coordination geometry around the Ag(I) cations may deviate from linear to trigonal or even tetrahedral. Tetranuclear Ag(I) complexes do not always form cubanes [27, 28] but can lead to planar structures [29, 30] .
Copper is the cheapest coinage metal, and despite the spectacular recent achievements in organogold chemistry [31] [32] [33] [34] , the development of organocopper chemistry appears most desirable from an economic point of view. The first reported Cu(I)-NHC complex was also prepared by Arduengo, by reaction of a free carbene with copper(I) triflate [8] . Owing to the strong σ-donor properties of NHCs, the resulting complexes are often robust against air and moisture. Several methods are known to access Cu(I)-NHC complexes, such as the use of Ag(I)-NHCs as transmetalating reagents, the reaction of free carbenes with Cu(I) halides, or of imidazolium salts with Cu(I) oxide [5, 35] . Recently, Cu(I) bis-or multidentate-NHC complexes have attracted much attention [36] because of their luminescence properties [37, 38] , their ability to transmetalate their NHC ligand(s) to Ru [39] , Rh [40] , Pd [41, 42] , Ag [43] , and Ni [44] precursors, or their catalytic properties (Sonogashira reaction [45] , nitrene and carbene transfer reactions [46] ). Moreover, the nature of the metal-carbene bond in Cu(I)-NHC complexes has been the subject of theoretical studies [47, 48] while copper belongs to the very few metals able to form clusters with bridging imidazolydenes [44] . The coordination geometry around the Cu(I) centre tends to be linear but in the presence of bidentate donor ligands and halide, "T-shaped" trigonal planar or tetrahedral coordination geometries readily arise [30, 49] . By contrast with the case of silver, polymeric Cu(I)-NHC complexes are scarce.
In this paper, we report the synthesis and the characterisation of a series of discrete and polymeric bis-NHC Ag(I) and Cu(I) complexes, and discuss their various structural features in the solid-state.
Results and discussion

Synthesis of the imidazolium salts
The imidazolium salts 1,1'-(1,3-phenylene)bis(3-butyl-1H-imidazol-3-ium) chloride ppm between the imidazolium NCHN signal of 1b and 1d, is due to the nature of the associated anion.
Synthesis of the silver(I) complexes
The reaction of the imidazolium salts 1a,b with 1. core. We also prepared and characterized 2c using the Hollis's approach and a slightly modified purification step. Hollis reported the filtration of a CH 2 Cl 2 solution of 2c and its direct precipitation/washing with diethyl ether, whereas prior to precipitation, we added an additional step, without lowering the yield (75%), by extracting with water most of the impurities present, including possible traces of unreacted 1c.
The replacement of the halogen bound to silver by the non-coordinating anion BF 4ˉ, should have an impact on the complex structure owing to the loss of the silver-halide bonds.
The reaction of the imidazolium salt 1d with Ag(I) oxide, following the protocols described for 2a-c, failed to give complex 2d. This is probably due to the insufficient difference of 
Synthesis of the copper(I) complexes
The °C and -20 °C) resulted ultimately in amorphous solids. type, in which each copper is ligated by two carbenes belonging to different ligands, and a bromide [79, 80] . The third example contains bis-NHC ligands and is of the (-NHC-Cu-(μ-Br) 2 -Cu-NHC-) n type in which each copper is connected by two bridging bromides [77] . In 3a,b, the connection between the monomers is different: each copper(I) centre is connected to a carbene and a halide to form a neutral complex. These units are held together by van der Waals interactions to give a (-NHC-(CuBr)-(μ-Br)-Cu-NHC-) n -type polymer (Scheme 3). Finally for the sake of comparison, three other well-known synthetic pathways to access NHC Cu(I) complexes were assessed. First, the imidazolium salt 1c was reacted with 1.3 eq. of Cu(I) oxide in distilled and degassed water or in toluene under reflux [86] . After 24 h no reaction had occurred. Second, 1c and 1.3 eq. of Cu(I) oxide were heated in THF at 110 °C in a sealed tube, under microwave irradiation. After 1 h, the starting materials were recovered [87] . Third, Ag(I)-NHC complexes being efficient at transmetalating their carbene ligand(s) to copper(I), 2c was placed in presence of CuI, in dichloromethane, at room temperature for 18 h [37, 88] . The 1 H NMR analysis of the crude mixture showed that the transmetalation only partially occurred but increasing the temperature to 40 °C resulted in the quantitative formation of 3c.
The complex μ-1,3-bis(3'-butylimidazol-2'-ylidene)benzene)dichlorodicopper(I)
(
The complex μ-1,3-bis(3'-butylimidazol-2'-ylidene)benzene)dibromodicopper(I)
Conclusion
A series of bis-(NHC) Ag(I) and Cu(I) complexes was obtained in good yields. Their structures strongly depend on the nature of the associated anions, and range from classic dicationic (2d), to cubane-type (2b) to coordination polymers (2a and 3a,b) . The complexes 3a,b constitute new additions to the still rare examples of copper-NHC coordination polymers. Overall, such a structural diversity emphasizes the need to characterize thoroughly 
Experimental
General information
Only those reactions with Cu(I) reagents where carried out under inert atmosphere using standard Schlenk techniques. The compound Cu[N(SiMe 3 ) 2 ] was synthesized according to a published procedure [89] . All reagents were used as received from commercial suppliers.
Solvents were purified and dried under argon by conventional methods. Proton 
Synthesis of 1,1'-(1,3-phenylene)bis(3-butyl-1H-imidazol-3-ium) chloride (1a
